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thin ﬁlms was explored. With increasing Nb concentration (0 to 24 at.% Nb), a transition from a single phase
face-centered cubic solid solution to an amorphous phase is observed. At intermediary Nb fractions (5 to
15 at.% Nb) a nanocomposite structure is formed that consists of nanosized crystallites embedded in an amor-
phous matrix. The nanocomposite structure leads to an increase in hardness beyond the Hall-Petch breakdown.
The shear and Young's moduli decrease with increasing Nb concentration, which is beneﬁcial for the alloy
ductility.




High-entropy alloysThemechanical strength of polycrystallinematerials ismainly deter-
mined by the difﬁculty for dislocations to propagate through the mate-
rial. The addition of “obstacles” that hinder this propagation strength
can be decreased. For example, the modiﬁcation of the average grain
size and size dispersion, the incorporation of extra solute elements in
solid solutions, and the segregation of secondary phases at the grain
boundaries are common techniques to strengthen metals and alloys.
These strengthening principles were applied in the present study to a
range of Nbx-CoCrCuFeNi high entropy alloys (HEA) thin ﬁlms. HEAs
are multi-component alloys that exhibit a high mixing entropy [1–2].
These alloys usually consist of at least ﬁve different metals in near-
equiatomic proportions, and they introduce an exciting perspective to
materials science. Ceramic HEA thin ﬁlms (e.g. carbides [3] and nitrides
[3,4–7] exhibit promising properties such as high thermal and chemical
stability, and a high hardness. These properties originate from the
strong covalent bonds between the metallic constituents and the non-
metal (e.g. carbon or nitrogen) atoms.
In the present study, the nanocrystalline Nbx-CoCrCuFeNi thin ﬁlms
were synthesized by sputtering compacted powder targets. The deposi-
tion conditions have been previously described [8]. The samples exam-
ined in the present studywere deposited at a pressure-distance product
of 3.6 Pa·cm. Transition electron microscopy (TEM) was used to study
the ﬁlm nanostructure. The elastic properties were determined with
acoustic techniques, i.e. Brillouin light scattering (BLS), and picosecondier Ltd. All rights reserved.ultrasonics (PU). The hardness was determined by nanoindentation.
More information on these techniques and the correspondingmeasure-
ment settings can be found in our previous work [9,10].
Fig. 1 shows the cross section bright ﬁeld HR-TEM images, and the
electron diffraction patterns of the deposited thin ﬁlms. The electron
patterns conﬁrm previously published XRD results. The CoCrCuFeNi
base alloy exhibits a single phase face centered cubic (FCC) solid solu-
tion.With an increase in the Nb content, the diffraction rings are broad-
ened, and the higher order diffraction rings eventually vanish. This
agrees with the decrease in the intensity, and the increase in the
FWHMof the XRD Bragg peaks of the FCC solid solution with increasing
Nb concentration. In the XRD study, only one diffraction peak is ob-
served for samples with Nb content of 9.6 at.% and higher. The bright
ﬁeld images reveal the presence of nanocrystallites in the ﬁlm with 0,
5, 7, and 9.6 at.% Nb. The TEM images of the ﬁlms with 15.2 and
24.3 at.% are basically amorphous. A thorough HREM investigation of
the 15.2 at.% sample revealed nanocrystallites of 2–3 nm in size, and
with a lattice spacing corresponding to the observed FCC phase in sam-
ples with a lower Nb content. These crystallites are embedded into an
amorphousmatrix. It is also observed that the size and the number den-
sity of the crystallites decrease for increasing Nb concentration. A com-
parison between both grain sizes (as determined from HRTEM, and
XRD) is shown in Fig. 1(f). For XRD the grain size was calculated with
the Scherrer's equation, and a continuous decrease with increasing Nb
concentration is observed. The HREM analysis shows more or less the
same trend. The origin of this behavior can be understood fromprevious
studies [9,11]. Indeed, HEAs of the type X-CoCrCuFeNi, with X a
Fig. 1. Cross-section bright ﬁeld TEM images and electron diffraction patterns of the Nbx-CoCrCuFeNi thin ﬁlms for (a) 0 at.% Nb, (b) 5.7 at.% Nb, (c) 9.6 at.% Nb, (d) 15.2 at.% Nb, and(e)
24.3 at.% Nb. The grain size as determined from XRD and TEM is shown in (f). The grain size of the amorphous ﬁlm with 24.3 at.% Nb was set to 0 nm.
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view as binary alloys. The addition of Nb, which has a larger atomic ra-
dius [12] (143 pm) as compared to theﬁve base elements (between 125
and 128 pm), introduces lattice strains. It was shown that if the Nb con-
centration becomes too high, the FCC lattice cannot accommodate theFig. 2. (a) HRTEM image of the top part of theNb5.7-CoCrCuFeNi thin ﬁlm. (b) For visualization o
the intensities located between the central white dot, and the white ring, excluding all the di
removed and only the amorphous network remains visible. (c) HRTEM image of the Nb24.3-Coatomic level strains, and the amorphous conﬁguration becomes more
favorable.
The nanocrystalline structure of the Nb5.7-CoCrCuFeNi ﬁlm was
studied in more detail with HRTEM. In Fig. 2(a), a HRTEM image of the
top part of the ﬁlm is presented. It is observed that the ﬁlm consists off the amorphous network, a ﬁlteringmask of the FFT diffraction patternwasmade keeping
ffracted intensities by the crystallites. So, in this image, the intensity of the crystallites is
CrCuFeNi ﬁlm. This ﬁlm is fully amorphous.
157B.R. Braeckman et al. / Scripta Materialia 139 (2017) 155–158nanocrystalline grains embedded in an amorphous tissue phase. To en-
hance the contrast of the amorphous phase, theHRTEM image shown in
Fig. 2(a) was Fourier ﬁltered by removing the intensity arising from all
crystalline reﬂections. The result in shown in Fig. 2(b). Only the amor-
phous phase remains visible because the intensity arises basically
from the ﬁrst amorphous ring in the diffraction pattern. This represen-
tation also enables to make a distinction between the grains and the
grain boundaries. The grain boundaries are less clear than in conven-
tional nanocrystalline materials because the tissue phase has a similar
thickness as the grains. Therefore, these ﬁlms can be denoted as nano-
composite, i.e. nanocrystallites embedded in an amorphous matrix. It
is also observed that the amorphous phases are interconnected, and
form a network. This hints to the fact that during growth the tissue
phase completely blocks the on-going grain growth, and induces
renucleation events from where new crystallites start to grow. For the
ﬁlm with higher Nb concentrations (9.6 at.% and 15.2 at.% Nb) the crys-
tallite size remains more or less the same, but the amorphous covering
phase becomes thicker. No crystallites were detected in the HRTEM im-
ages of the ﬁlm with 24.3 at.% Nb. This latter ﬁlm is considered as fully
amorphous (see Fig. 2(c)). High angle annual dark ﬁeld (HAADF) im-
ages were recorded of the Nb5.7-CoCrCuFeNi (see Fig. 3(b) and (c)).
Comparison between Fig. 3(a), a lower-magniﬁcation HRTEM, and Fig.
3(b) shows a lower intensity for the grain boundaries, i.e. amorphous
matrix. As the contrast in these images provides information on the
atomic number Z, and themass density, this means that the amorphous
matrix has a lower atomic number and/or density than the crystallites.
EDX measurements were performed on four different spots (see Fig.
3(c)) to determine the local chemical composition. The results did not
indicate that there is a signiﬁcant difference in metallic composition of
the four spots. This allows to conclude that none of the constituent ele-
ments segregates to the grain boundaries during ﬁlm growth. So, theFig. 3. (a) Lowermagniﬁcation HRTEM and (b) HAADF image of the top part of theNb5.7-CoCrCu
measurements were performed. The EDX measurements were performed in the light areas (spobserved contrast in Fig. 3(b) is not likely to arise from compositional
differences in the constituent elements of the alloy. The lower grain
boundary contrast could be due to presence of voids and vacancies in
the grain boundaries. However, all ﬁlms were deposited at the same
pressure-distance, and are completely dense. The experimental and cal-
culated density arewithin an errormargin of 2% equal [8]. The ﬁlm den-
siﬁcation originates from atomic peening [13–15] by the impact of the
reﬂected Ar atoms and the sputtered Nb atoms. As the fully amorphous
thinﬁlm (24.3 at.%Nb) has the same density as the crystalline thinﬁlms,
it is highly unlikely that the amorphous grain boundary phase has a
lower density as compared to the FCC crystallites. The origin of the con-
trast in theHAADF image is probably due to the presence of low Z impu-
rities such as oxygen and nitrogen. This hypothesis is further
strengthened by the calculation of the impurity-to-metal ﬂux ratio. As
the thermal conductivity of the powder targets restricts the applied
cathode power during sputtering, the sputtered particleﬂux is relatively
low, and is for the ﬁve depositions roughly the same (approx.
9±1 nm/min on average). The depositionswere performed at interme-
diary base pressures (in this study approx. 5×10−4Pa). Hence, the im-
purity-to-metal ﬂux ratio was approximately 1.0 during all deposition.
The impurities from residual gases can be collected to the grain bound-
aries by kinetic segregation. The formation of a grain boundary, and the
surface covering layer discussed above, can be understood from the
presence of repeated nucleation [16–17]. Once an amorphous covering
oxide layer is formed, it can facilitate the formation of the amorphous
HEA phase aswell. Thismeans, as stated above, that a real nanocompos-
ite structure is formed.
The above analysis can assist to understand the elastic properties of
the deposited thin ﬁlms. The shear (G), and Young's (E)moduli are pre-
sented in Fig. 4(a). The general trend is that both moduli decrease with
increasing Nb concentration. The decrease of the moduli can beFeNi thin ﬁlm. (c) HighermagniﬁcationHAADF imagewith the indicated spotswhere EDX
ot 1 and 4), and in the dark areas (spot 2 and 3).
Fig. 4. (a) Youngs modulus as a function of the shear modulus for the Nbx-CoCrCuFeNi thin ﬁlms. The Young's modulus was determined by PU+ BLS, while the shear modulus from BLS.
(b) Nanoindentation hardness as a function of the grain size. A grain size of 0 nmwas assigned to the amorphous ﬁlm (with 24.3 at.% Nb). In both graphs the Nb content is represented by
the label to each point.
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and Young'smodulus of the six constituents. Moreover, amorphousma-
terials show in some cases a lower value of the moduli as compared to
their crystalline counterpart, as for example observed for Zr, Co, Cu,
and Ni in binary metallic glasses [18]. The two moduli are related ac-
cording the relation E=2(1+ν)G for istropic materials, where ν is
the Poisson ratio. For all ﬁlms, the Poisson's ratio remains close to 0.5.
This is higher than the critical Poisson's ratio ν=0.315 above which
shearing or plastic deformation is preferred [19]. In Fig. 4(b), the hard-
ness is presented as function of the grain size as determined from
XRD.With increasing Nb concentration, and concurrentlywith decreas-
ing grain size, the hardness of the nanocomposite ﬁlms increases. As the
grain size is much smaller than the reported breakdown for the Hall-
Petch [20–22], it is clear that the hardness is not solely deﬁned by the
grain size, but also the chemical nature of the grain boundaries and
the amorphous tissue phase [23–25]. The hardness of the fully amor-
phous ﬁlm is roughly 1 GPa lower than the noticed maximum. For this
ﬁlm, the plasticity is no longer governed by the propagation of disloca-
tions, but for example by shear transformations [26–29].
Based on Fig. 4, it can be argued that the ﬁlm with 15.2 at.% Nb ex-
hibits themost promisingproperties, namely the highest hardness com-
bined with one of the lowest shear modulus. This result hints to a ﬁlm
that combines a high strength with a certain degree of ductility
(which is related to the fracture toughness), two desired properties
[30,31]. In this way, by a correct choice of the dopant (i.e. Nb), the ex-
pected brittleness of the oxygen-richﬁlms can be alleviated by lowering
the elastic moduli. These new ﬁndings can be added to the list of prom-
ising properties, such as the constant friction coefﬁcient and thermal
stability, which were discussed in a previous article on the
NbxCoCrCuFeNi thin ﬁlms [8].
In summary, this study shows that a sensible usage of impurities
and/or additional heavy solute elements such as niobium can assist in
the formation of dense, nanocomposite alloys with improved mechani-
cal properties. The gaseous impurities in the vacuum chamber during
thin ﬁlm deposition can be in this way useful, and can be employed to
tailor the microstructure and properties of HEA thin ﬁlms. This knowl-
edge can be of importance for industrial scaled processes, where vacu-
um chamber base pressures are generally higher. As such it is maybe
better to remove the pejorative connotation of the word impurity.
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